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Abstract
Motivated by the recent measurement of the lepton flavour nonuniversality ratio RK∗ by the
LHCb Collaboration, we study the implications of vector leptoquarks on the observed anomalies
associated with the B¯ → K¯∗l+l− decay processes. The leptoquark couplings are constrained from
the measured branching ratios of Bs → l+l−, KL → l+l− and Bs → µ∓e± processes. Using these
constrained couplings, we estimate the branching ratios, forward-backward and lepton polarization
asymmetries and also the form factor independent optimized observables (P
(′)
i ) for B¯ → K¯∗l+l−
modes in the high recoil limit. We also study the other lepton flavour universality violating observ-
ables, such as QFL,T , Qi and B5,6s, where i = 1, 2, · · · 6, 8. Furthermore, we investigate the lepton
flavour violating KL → µ∓e± decay process in this model.
PACS numbers: 13.20.He, 14.80.Sv
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I. INTRODUCTION
In recent times B physics is going through a challenging phase, several anomalies at the
level of (3 − 4)σ [1–7] have been observed by the LHCb Collaboration in the rare flavour
changing neutral current (FCNC) processes involving the quark level transition b → sl+l−.
As these processes are one-loop suppressed in the standard model (SM), they may play a
vital role to decipher the signature of new physics (NP) beyond it. To supplement these
observations, recently LHCb has reported 2.2σ and 2.4σ discrepancies in the measurement of
RK∗ observable in the dilepton invariant mass squared bins q
2 ∈ [0.045, 1.1] GeV2 and q2 ∈
[1.1, 6.0] GeV2 [1], which are in the same line as the previous result on the violation of lepton
universality parameter RK [2]. Also the lepton nonuniversality (LNU) parameters in the
B → D(∗) processes (RD(∗)) have been measured by Belle, BaBar and LHCb collaborations,
which have respectively 1.9σ [8, 9] and 3.3σ [7, 9] deviations from their corresponding SM
predictions. In Table I, we present the observed LNU ratios, associated with the b→ sl+l−
and b → clνl processes at LHCb and B factories. Furthermore, the decay rate of Bs →
φµ+µ− process [3] also has discrepancy of around 3σ in the low q2 region.
TABLE I: The LNU parameters observed by the LHCb collaboration and the B factories.
LNU parameters SM predictions Expt. result Deviation
RK |q2∈[1.0,6.0] 1.0003± 0.0001 [10] 0.745+0.090−0.074 ± 0.036 [2] 2.6σ
RK∗ |q2∈[0.045,1.1] 0.92± 0.02 [11] 0.66+0.11−0.07 ± 0.03 [1] 2.2σ
RK∗ |q2∈[1.1,6.0] 1.00± 0.01 [11] 0.69+0.11−0.07 ± 0.05 [1] 2.4σ
RD 0.300± 0.008 [12] 0.397± 0.040± 0.028 [9] 1.9σ
RD∗ 0.252± 0.003 [13] 0.316± 0.016± 0.010 [9] 3.3σ
In this context, we would like to investigate whether the observed anomalies in the rare
B¯ → K¯∗l+l− decay processes, mediated through b→ sl+l− transitions, can be explained in
the vector leptoquark model. In the last few years, these processes have provided several
surprising results and played a very crucial role to look for NP signals, as the measurement
of four-body angular distribution provides a large number of observables which can be used
to probe NP signature. In the low q2 ∈ [1, 6] GeV2 region (where q2 denotes the dilepton
invariant mass square), the theoretical predictions for such observables are very precise and
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generally free from the hadronic uncertainties. However, the observed forward-backward
asymmetry is systematically below the corresponding SM prediction, though the zero cross-
ing point is consistent with it. Moreover, the LHCb Collaboration has reported many other
deviations from the SM expectations in the angular observables. The largest discrepancy
of ∼ 3σ in the famous P ′5 optimized observable [4] and the decay rate [5] of these processes
provide a sensitive probe to explore NP effects in b → sγ, b → sll transitions. In addition,
the isospin asymmetry [6] is also measured by the LHCb experiment in the full q2 region,
which can be used to probe the NP signal. For the first time, recently Belle has measured
two new lepton flavour universality violating (LFUV) observables Q4,5 = P
µ′
4,5 − P e′4,5 [14].
In order to scrutinize the above results, these processes have already been investigated in
the context of various new physics models and also in model-independent ways. The re-
cent measurement on the RK∗ parameter at LHCb experiment has drawn much attention to
restudy these processes in the low q2 region. In the light of recent RK∗ data, several works
[15], have been reported in the literature recently.
To understand the origin of the current issues observed at LHCb experiment in a par-
ticular theoretical framework, here we extend the SM by adding a single vector leptoquark
(LQ) and reinvestigate the rare semileptonic B¯ → K¯∗l+l− decay processes. Though there
are a few recent studies in the literature [15], which have investigated RK∗ anomalies but
no analysis of RK∗ has been done with vector LQ, which can induce the process at tree
level. In our previous work [16], we have made a comparative study of the rare semileptonic
B¯ → K¯∗l+l− decay modes in both the (3, 2, 7/6) and (3, 2, 1/6) scalar LQ models. However,
we have not investigated the new RK∗ , Q4,5 and QFL,T observables. The model-independent
analysis of these new set of observables can be found in Ref. [17]. The motivation of this
work is to check how the angular analysis of B¯ → K¯∗l+l− processes in the context of vector
LQ could help establishing the possible existence of NP from the above discussed anomalies.
LQs are hypothetical color triplet bosonic particles, which arise naturally from the unifi-
cation of quarks and leptons, and carry both the lepton and baryon numbers. They can
be either scalar (spin 0) or vector (spin 1) in nature. The presence of vector LQs at the
TeV scale can be found in many extended SM theories such as grand unified theories based
on SU(5), SO(10), etc. [18, 19], Pati-Salam model [19, 20], composite model [21] and the
technicolor model [22]. The baryon number conserving LQs avoid proton decay and could
be light enough to be seen in the current experiments. Thus, in this work, we consider the
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singlet (3, 1, 2/3) vector LQ, which is invariant under the SM SU(3)C × SU(2)L × U(1)Y
gauge group and conserves both the baryon and lepton numbers. In addition to the (ax-
ial)vector operators, this LQ also provides additional (pseudo)scalar operators to the SM.
We compute the branching ratios, forward-backward asymmetries, polarization asymmetries
and the form factor independent (FFI) observables (P
(′)
i ) of the B¯ → K¯∗l+l− processes in
this model. In this paper, we mainly focus on the RK∗ anomaly and the additional observ-
ables related to the lepton flavour violation in order to confirm or rule out the presence of
lepton nonuniversality in the rare B meson decays. We also investigate the Qi, QFL,T and Bi
observables in the context of vector LQ, so as to reveal the possible interplay of NP. In the
literature, the observed anomalies at LHCb experiment in various rare decays of B mesons
have been studied in the LQ model [16, 23–28].
The paper is organized as follows. In section II, we discuss the effective Hamiltonian
responsible for the b→ sl+l− processes and the new physics contributions arising due to the
exchange of vector LQ. In section III, we show the constraints on LQ couplings from the
branching ratios of rare Bs → l+l−, KL → l+l− and Bs → µ∓e± processes. The branching
ratios, forward-backward asymmetries, lepton polarizations and the CP violating parameters
in the B¯ → K¯∗l+l− processes are calculated in section IV. Section V deals with the lepton
flavour violating decay KL → µ∓e± and section VI contains the summary.
II. GENERALIZED EFFECTIVE HAMILTONIAN
In the SM, the most general effective Hamiltonian responsible for the quark level transi-
tions b→ sl+l− is given by [29]
Heff = −4GF√
2
VtbV
∗
ts
[
6∑
i=1
Ci(µ)Oi + C7 e
16pi2
(
s¯σµν(msPL +mbPR)b
)
F µν
+
α
4pi
(
Ceff9 (s¯γ
µPLb)(l¯γµl) + C10(s¯γ
µPLb)(l¯γµγ5l)
) ]
, (1)
where GF is the Fermi constant, Vqq′ are the Cabibbo-Kobayashi-Maskawa (CKM) matrix
elements, α is the fine structure constant and PL,R = (1 ∓ γ5)/2 are the chiral projection
operators. Here Oi’s are the six dimensional operators and Ci’s are the corresponding Wilson
coefficients, evaluated at the renormalization scale µ = mb [30].
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A. Contributions from vector leptoquark
The SM effective Hamiltonian (1) can be modified by adding a single vector LQ and will
give measurable deviations from the corresponding SM predictions in the B sector. Here
we consider V 1(3, 1, 2/3) singlet vector LQ which is invariant under the SM gauge group
SU(3)C × SU(2)L × U(1)Y . In order to avoid rapid proton decay, we assume that the LQ
conserves both baryon and lepton numbers. The baryon number conserving vector LQs
can have sizeable Yukawa couplings and could be light enough to be accessible in a current
collider. The V 1(3, 1, 2/3) LQ could potentially contribute to the b → sl+l− processes and
one can constrain the corresponding LQ couplings from the experimental data on Bs → l+l−
processes.
The interaction Lagrangian for V 1(3, 1, 2/3) leptoquark is given by [25, 27]
L(1) = (gLQLγµLL + gR dRγµlR) V 1µ + h.c., (2)
where QL (LL) is the left-handed quark (lepton) doublets and dR (lR) is the right-handed
down-type quark (charged-lepton) singlets. Here gL is the coupling of vector LQ with the
quark and lepton doublets and gR is the LQ coupling with down-type quarks and the right-
handed leptons. To keep the notations clean, the leptoquark couplings gL and gR are con-
sidered in the mass basis of down-type quarks, i.e., the couplings gL and gR are rotated
and expressed in the quark mass basis by the redefinition U †LgL → gL and U †RgR → gR,
where UL,R connect the mass and gauge bases, i.e., d
gauge
L,R = UL,Rd
mass
L,R . The interaction La-
grangian (2) provides in addition to the vector (C
(′)LQ
9 ) and axial-vector (C
(′)LQ
10 ) new Wilson
coefficients, new scalar C
(′)LQ
S and pseudoscalar C
(′)LQ
P coefficients, and is thus non-chiral in
nature. The new Wilson coefficients are related to the LQ couplings through the following
relations [25, 27]
CLQ9 = −CLQ10 =
pi√
2GFVtbV ∗tsα
(gL)sl(gL)
∗
bl
M2LQ
, (3a)
C ′LQ9 = C
′LQ
10 =
pi√
2GFVtbV ∗tsα
(gR)sl(gR)
∗
bl
M2LQ
, (3b)
−CLQP = CLQS =
√
2pi
GFVtbV ∗tsα
(gL)sl(gR)
∗
bl
M2LQ
, (3c)
C ′LQP = C
′LQ
S =
√
2pi
GFVtbV ∗tsα
(gR)sl(gL)
∗
bl
M2LQ
. (3d)
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III. CONSTRAINT ON THE VECTOR LEPTOQUARK COUPLINGS
After knowing about the interplay of possible new Wilson coefficients, we now proceed to
constrain the new physics parameters by comparing the theoretical and experimental results
on various rare B(K) meson decays.
A. Bs → l+l− processes
In this subsection, we show the constraints on the new LQ couplings from the Bs → l+l−
processes, as these new coefficients also contribute to the Bs → l+l− processes. These
decay processes are very rare in the SM as they occur at loop level and further suffer from
helicity suppression. The only non-perturbative quantity involved is the decay constant of
B mesons, which can be reliably calculated by using the non-perturbative methods, thus,
these processes are theoretically very clean. In the SM, only the CSM10 Wilson coefficient
contributes to the branching ratio.
The branching ratios of Bs → l+l− processes in the vector LQ model are given by [31]
BR(Bs → l+l−) = G
2
F
16pi3
τBsα
2f 2BsMBsm
2
l |VtbV ∗ts|2
∣∣CSM10 ∣∣2
√
1− 4m
2
l
M2Bs
× (|P |2 + |S|2) , (4)
where P and S parameters are defined as
P ≡ C
SM
10 + C
LQ
10 − C ′LQ10
CSM10
+
M2Bs
2ml
( mb
mb +ms
)(CLQP − C ′LQP
CSM10
)
,
S ≡
√
1− 4m
2
l
M2Bs
M2Bs
2ml
( mb
mb +ms
)(CLQS − C ′LQS
CSM10
)
. (5)
Now to compare the theoretical branching ratios with the experimental results, one can
define the parameter Rq, which is the ratio of branching fraction to its SM value as
Rq =
BR(Bs → l+l−)
BRSM(Bs → l+l−)
= |P |2 + |S|2. (6)
Using Eqn. (6), we constrain the new couplings by comparing the SM predicted branching
ratios [32] of Bs → l+l− processes with their corresponding experimental results [33–35]. The
constraint on vector LQ couplings from Bs → l+l− processes has already been extracted in
[23, 25], therefore, here we will simply quote the results. In Table II, we have presented the
obtained bound on the (gL)sl(gL)
∗
bl leptoquark couplings. The constraints on the combination
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of C
(′)LQ
S Wilson coefficients i.e., C
LQ
S ±C ′LQS are presented in Table III, from which one can
obtain the bound on individual C
(′)LQ
S Wilson coefficients.
B. KL → l+l− processes
The effective Hamiltonian responsible for the s → dl+l− quark level transitions in the
SM is given by [36]
Heff = GF√
2
α
2pi sin2 θW
(λcYNL + λtY (xt)) (s¯γ
µ(1− γ5)d)
(
l¯γµ(1− γ5)l
)
(7)
=
GF√
2
α
2pi
λuC
SM
K (s¯γ
µ(1− γ5)d)
(
l¯γµ(1− γ5)l
)
, (8)
where λi = VidV
∗
is, xt = m
2
t/M
2
W , sin
2 θW = 0.23 and C
SM
K is the SM Wilson coefficient given
as
CSMK =
(λcYNL + λtY (xt))
sin2 θWλu
. (9)
Here the functions YNL and Y (xt) [37] are the contributions from the charm and top quark
respectively. The estimated branching ratio of the short distance (SD) part of the KL →
µ+µ− process is BR(KL → µ+µ−)|SD < 2.5× 10−9 [38].
Including the (3, 1, 2/3) vector LQ contributions, the total branching ratios of KL → l+l−
processes are given by [25]
BR(KL → l+l−) = G
2
F
8pi3
τKLα
2f 2KMKm
2
l |λu|2
∣∣CKSM∣∣2
√
1− 4m
2
l
M2K
× (|PK |2 + |SK |2) , (10)
where PK and SK parameters have analogous expressions as Eqn. (5) with the replacement
of MBs → MK and the corresponding new Wilson coefficients by CLQiK , which are given as
[25]
CLQ10K = −
pi
GFαλu
Re[(gL)dl(gL)
∗
sl]
M2LQ
, (11a)
C ′LQ10K = −
pi
GFαλu
Re[(gR)dl(gR)
∗
sl]
M2LQ
, (11b)
CLQSK = −CLQPK =
pi
2GFαλu
Re[(gL)dl(gR)
∗
sl]
M2LQ
, (11c)
C ′LQSK = C
′LQ
PK =
pi
2GFαλu
Re[(gR)dl(gL)
∗
sl]
M2LQ
. (11d)
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Now using the experimental upper limits [39] on the branching ratios of KL → l+l− decay
processes, the constraint on the new physics parameters are extracted in Ref. [25]. In Table
II, we present the constraints on (gL)dl(gL)
∗
sl couplings, and the bound on C
LQ
S ±C ′LQS Wilson
coefficients are given in Table III.
TABLE II: Constraints on the LQ couplings obtained from various leptonic Bs → l+l− and KL →
l+l− decay processes .
Decay Process Couplings involved Upper bound of
the couplings
Bs → e±e∓ |(gL)se(gL)∗be| < 11.8
Bs → µ±µ∓ |(gL)sµ(gL)∗bµ| ≤ 2.3× 10−3
KL → e±e∓ |(gL)de(gL)∗se| (1.3− 2.35)× 10−3
KL → µ±µ∓ |(gL)dµ(gL)∗sµ| (1.4− 1.5)× 10−4
TABLE III: Constraint on combinations of C
(′)LQ
S(K) Wilson coefficients from rare leptonic Bs → l+l−
and KL → l+l− decay processes.
Decay Process Bound on CLQS(K) + C
′LQ
S(K) Bound on C
LQ
S(K) − C ′LQS(K)
Bs → e±e∓ −1.4→ 1.4 −1.4→ 1.4
Bs → µ±µ∓ 0.0→ 0.32 0.1→ 0.18
KL → e±e∓ (−2.0→ 2.0)× 10−4 (1.25→ 2)× 10−4
KL → µ±µ∓ (−6.0→ 3.0)× 10−3 (0.05→ 5.6)× 10−3
C. Bs → µ∓e± process
The constraints on LQ couplings obtained from the branching ratio of the lepton flavor
violating (LFV) Bs → µ∓e± process is discussed in this subsection. In the SM, the LFV
decay modes occur at loop level with the presence of tiny neutrinos in one of the loops or
proceed via box diagrams. However, these processes can occur at tree level in the vector
8
LQ model. The present experimental upper bound on the branching ratio of Bs → µ∓e±
process is [39]
BR(Bs → µ∓e±) < 1.1× 10−8. (12)
In the presence of V 1(3, 1, 2/3) vector LQ, the branching ratio of Bs → µ−e+ decay mode is
BR(Bs → µ−e+) = τBs
G2Fα
2M5Bsf
2
Bs
|VtbV ∗ts|2
64pi3
(
1− m
2
µ
M2Bs
)2 [ ∣∣∣∣∣ mµM2Bs
(
GLQ9 −G′LQ9
)
+
GLQS −G′LQS
mb
∣∣∣∣∣
2
+
∣∣∣∣∣ mµM2Bs
(
GLQ10 −G′LQ10
)
+
GLQP −G′LQP
mb
∣∣∣∣∣
2 ]
, (13)
and the branching ratio of Bs → µ+e− decay process is given by
BR(Bs → e−µ+) = τBs
G2Fα
2M5Bsf
2
Bs
|VtbV ∗ts|2
64pi3
(
1− m
2
µ
M2Bs
)2 [ ∣∣∣∣∣− mµM2Bs
(
HLQ9 −H ′LQ9
)
+
HLQS −H ′LQS
mb
∣∣∣∣∣
2
+
∣∣∣∣∣ mµM2Bs
(
HLQ10 −H ′LQ10
)
+
HLQP −H ′LQP
mb
∣∣∣∣∣
2 ]
, (14)
where the mass of electron is neglected. Here the new G(H)
(′)LQ
a (a = 9, 10, S, P ) coeffi-
cients have similar expression as Eqns. (3a,3b, 3c,3d) with the replacement of LQ couplings
(gi)sl(gj)
∗
bl → (gi)se(gj)∗bµ, where (i, j = L,R) for G(′)LQa and (gi)sl(gj)∗bl → (gi)sµ(gj)∗be for
H
(′)LQ
a coefficients.
The total branching ratio of Bs → µ∓e± process is
BR(Bs → µ∓e±) = BR(Bs → µ−e+) + BR(Bs → µ+e−). (15)
For chiral LQ, only G(H)
(′)LQ
9,10 coefficients will be present. Now using the experimental upper
limit of the branching ratio (12), we obtain the constraint on LQ couplings as
|(gL)se(gL)∗bµ| < 2.83× 10−2. (16)
Now neglecting the V ± A couplings, the constraint on (GLQS ± G′LQS ) coefficient is shown
in Fig. 1. From the figure, we find the allowed range for the above combinations of Wilson
coefficients as
|GLQS −G′LQS | ≤ 0.3, |GLQS +G′LQS | ≤ 0.3 . (17)
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FIG. 1: The constraint on GLQS ±G′LQS couplings obtained from the branching ratio of Bs → µ−e+
process.
IV. B¯ → K¯∗l+l− PROCESSES
In this section, we present the theoretical framework to calculate the branching ratios
for the rare semileptonic B¯ → K¯∗l+l− processes. Furthermore, the dileptons present in
these processes allow one to formulate several useful observables which can be used to probe
and discriminate different scenarios of NP. The full four body angular distribution of the
B¯ → K¯∗0 (→ K−pi+) l+l− decay processes can be described by four independent kinematic
variables, q2 and the three angles θK∗ , θl and φ. Here we assume that, K¯
∗0 → K−pi+ is on
the mass shell. The differential decay distribution of these processes with respect to the four
independent variables are given as [40–42]
d4Γ
dq2 d cos θl d cos θK∗ dφ
=
9
32pi
J
(
q2, θl, θK∗ , φ
)
, (18)
where the lepton spins have been summed over. Here q2 is the lepton-pair invariant mass
square, θl is the angle between the negatively charged lepton and the B¯ in the l
+l− frame,
θK∗ is defined as the angle between K
− and B¯ in the K−pi+ center of mass frame and φ is
the angle between the normals of the K−pi+ and the dilepton planes. The physically allowed
regions of these variables in the phase space are given by
4m2l 6 q2 6 (mB −mK∗)2 , −1 6 cos θl 6 1, −1 6 cos θK∗ 6 1, 0 6 φ 6 2pi, (19)
where mB (mK∗) and ml are respectively the masses of B (K
∗) meson and charged-lepton.
The explicit dependence of the decay distribution on the above three angles, (i.e., the de-
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pendence J (q2, θl, θK∗ , φ) function) can be written as
J
(
q2, θl, θK∗ , φ
)
= Js1 sin
2 θK∗ + J
c
1 cos
2 θK∗ +
(
Js2 sin
2 θK∗ + J
c
2 cos
2 θK∗
)
cos 2θl
+ J3 sin
2 θK∗ sin
2 θl cos 2φ+ J4 sin 2θK∗ sin 2θl cosφ+ J5 sin 2θK∗ sin θl cosφ
+ (Js6 sin
2 θK∗ + J
c
6 cos
2 θK∗) cos θl + J7 sin 2θK∗ sin θl sinφ
+ J8 sin 2θK∗ sin 2θl sinφ+ J9 sin
2 θK∗ sin
2 θl sin 2φ , (20)
where the coefficients J
(a)
i = J
(a)
i (q
2) for i = 1, ...., 9 and a = s, c are functions of the dilepton
invariant mass. The complete expression for these coefficients in terms of the transversity
amplitudes A0, A‖, A⊥, and At can be found in the Ref. [40, 41, 43].
After performing the integration over all the angles, the decay rate of B¯ → K¯∗l+l−
processes with respect to q2 is given by [40]
dΓ
dq2
=
3
4
(
J1 − J2
3
)
, (21)
where Ji = 2J
s
i + J
c
i .
Previously LHCb had measured the LNU parameter in the low q2, i.e., (1 ≤ q2 ≤ 6) GeV2
region of B → Kl+l− process as [2]
RLHCbK =
BR(B+ → K+µ+µ−)
BR(B+ → K+e+e−) = 0.745
+0.090
−0.074 ± 0.036 (22)
which has 2.6σ deviation from the corresponding SM result RSMK = 1.0003 ± 0.0001 [10].
Recently, LHCb collaboration has measured analogous lepton flavour universality violating
parameter, RK∗ , in the B¯ → K¯∗l+l− processes in two different bins, which also have around
2σ deviations from the corresponding SM values as presented in Table-I. Besides the branch-
ing ratios and the RK∗ parameter, there are many observables associated with B¯ → K¯∗l+l−
processes which could be sensitive to new physics. The interesting observables are
1. The zero crossing of the forward-backward asymmetry, which is defined as [40]
AFB
(
q2
)
=
[∫ 0
−1
d cos θl
d2Γ
dq2d cos θl
−
∫ 1
0
d cos θl
d2Γ
dq2d cos θl
]/ dΓ
dq2
= −3
8
J6
dΓ/dq2
. (23)
2. The longitudinal and transverse polarization fractions of the K∗ meson, in terms of
the angular coefficients (Ji) can be written as [43, 44]
FL
(
q2
)
=
3J c1 − J c2
4dΓ/dq2
, FT
(
q2
)
= 1− FL(q2) . (24)
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3. The form factor independent (FFI) optimized observables Pi’s, where i = 1, .., 6, 8 are
given as [45]
P1
(
q2
)
=
J3
2Js2
, P2
(
q2
)
= βl
Js6
8Js2
, P3
(
q2
)
= − J9
4Js2
,
P4
(
q2
)
=
√
2J4√−J c2 (2Js2 − J3) , P5
(
q2
)
=
βlJ5√−2J c2 (2Js2 + J3) ,
P6
(
q2
)
= − βlJ7√−2J c2 (2Js2 − J3) , P8
(
q2
)
= − βlJ8√−2J c2 (2Js2 − J3) . (25)
4. In order to interpret the LHCb measurements more precisely, a slightly modified set
of clean observables P ′4,5,6,8, which related to P4,5,6,8 are defined as [46]
P ′4 ≡ P4
√
1− P1 = J4√−J c2Js2 ,
P ′5 ≡ P5
√
1 + P1 =
J5
2
√−J c2Js2 ,
P ′6,8 ≡ P6,8
√
1− P1 = − J7,8
2
√−J c2Js2 . (26)
5. To confirm the existence of the violation of lepton universality, one can define addi-
tional LFUV observables as [17]
QFL = F
µ
L − F eL, QFT = F µT − F eT , (27)
Qi = P
µ
i − P ei , Bi =
Jµi
Jei
− 1. (28)
where Pi’s should be replaced by P
′
i for Q4,5,6,8.
After collecting all possible angular observables, we now move on for the numerical anal-
ysis. We have taken all the particle masses and the lifetime of B meson from [39] for
the numerical estimation. We consider the Wolfenstein parametrization with the values
A = 0.811±0.026, λ = 0.22506±0.00050, ρ¯ = 0.124+0.019−0.018, and η¯ = 0.356±0.011 [39] for the
CKM matrix elements. The QCD form factors for the B¯ → K¯∗l+l− processes in the low q2
region are taken from [47, 48]. Now using the constraints on the LQ couplings as discussed
in section III, we show in Fig. 2, the q2 variation of the differential branching ratios of
B¯ → K¯∗e+e− (left panel) and B¯ → K¯∗µ+µ− (right panel) processes in the V 1(3, 1, 2/3)
vector LQ model. In the figures, the blue dashed lines stand for the SM contributions and
the magenta bands are due to the exchange of vector LQ. Here the grey bands represent the
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FIG. 2: The differential branching ratios of B¯ → K¯∗e+e− (left panel) and B¯ → K¯∗µ+µ− (right
panel) processes with respect to the q2 in the vector LQ model. Here the magenta bands represent
the LQ contributions and the dotted lines are for the SM. The theoretical uncertainties arising due
to the SM input parameters are shown as grey bands.
LQ Model
SM
1 2 3 4 5 6
-1.0
-0.5
0.0
0.5
1.0
q2 [GeV2]
A
FB
e
(q2 )
LQ Model
SM
1 2 3 4 5 6
-1.0
-0.5
0.0
0.5
1.0
q2 [GeV2]
A
FB
μ (q2 )
FIG. 3: The q2 variations of the forward-backward asymmetries of B¯ → K¯∗e+e− (left panel) and
B¯ → K¯∗µ+µ− (right panel) processes in the vector LQ model.
theoretical uncertainties, which arise due to the uncertainties associated with the SM input
parameters, such as the CKM matrix elements [39] and the hadronic form factors [47, 48].
From these figures, one can see that there is certain difference between the new physics
contributions to the branching fractions of B¯ → K¯∗e+e− and B¯ → K¯∗µ+µ− processes. The
predicted numerical values of the branching ratios in the high recoil limit are presented in
Table IV. In the SM, the forward-backward asymmetry parameters of the B¯ → K¯∗l+l− pro-
cesses have negative values in the low-q2 region. However, the contribution of new Wilson
coefficients (C
(′)
9,10 and C
(′)
S,P ) to the SM due to the exchange of (3, 1, 2/3) vector LQ may
enhance the rate of forward-backward asymmetries and can shift the zero position of these
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FIG. 4: The q2 variations of the longitudinal polarizations of B¯ → K¯∗e+e− (left panel) and
B¯ → K¯∗µ+µ− (right panel) processes in the vector LQ model.
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FIG. 5: The q2 variations of the transverse polarizations of B¯ → K¯∗e+e− (left panel) and B¯ →
K¯∗µ+µ− (right panel) processes in the vector LQ model.
asymmetries. The plots for the forward-backward asymmetry for the B¯ → K¯∗e+e− (left
panel) and B¯ → K¯∗µ+µ− (right panel) processes are presented in Fig. 3 and the corre-
sponding integrated values are given in Table IV. For both B → K∗e+e−(µ+µ−) processes,
we found that due to the LQ contributions the zero-crossing position of forward-backward
asymmetry shifts to the right (i.e., towards high q2 region) of its SM predicted value. The
longitudinal and transverse polarisation components for the B¯ → K¯∗e+e− (left panel) and
B¯ → K¯∗µ+µ− (right panel) processes both in the SM and in the LQ model are shown in
the Fig. 4 and Fig. 5 respectively. The predicted values of F lL(F
l
T ) asymmetry parameters
in the LQ model are given in Table IV. In these observables also we found some difference
between the SM values and the LQ contributions.
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FIG. 6: The variations of RK∗(q
2) in the q2 ∈ [0.045, 6.0] GeV2 regions in the vector LQ model.
TABLE IV: The predicted integrated values of the branching ratio, forward-backward asymmetry
and lepton polarization asymmetry with respect to low q2 for the B¯ → K¯∗l+l− processes in the
SM and the vector LQ model.
Observables SM prediction Values in LQ model
BR(B¯ → K¯∗e+e−) (8.97± 0.49 (CKM)± 0.23 (form factor))× 10−7 (1.155→ 2.882)× 10−6
〈AeFB〉 −0.084± 0.005 −(0.314→ 0.064)
〈F eL〉 0.703± 0.042 0.5→ 0.76
〈F eT 〉 0.297± 0.018 0.24→ 0.5
BR(B¯ → K¯∗µ+µ−) (8.9± 0.48 (CKM)± 0.22 (form factor))× 10−7 (0.892→ 1.45)× 10−6
〈AµFB〉 −0.082± 0.0049 −(0.28→ 0.083)
〈FµL 〉 0.71± 0.043 0.46→ 0.71
〈FµT 〉 0.29± 0.017 0.29→ 0.54
In Fig. 6, we show the plot for the RK∗ observable in the low q
2 regime in both the SM
and vector LQ model. After the q2 ∼ 1.1 GeV2 region, noticeable difference from the SM
prediction is found due to the contribution of the vector LQ. From the figure it can be seen
that the measured value of RK∗ in the q
2 ∈ [1.1, 6.0] GeV2 region can be described in the
LQ model. The predicted values of RK∗ in the LQ model for different bins are presented in
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TABLE V: The predicted integrated values of the lepton non-universality (RK∗) parameter in the
LQ model.
Observables SM prediction Values in LQ model
〈RK∗〉|q2∈[0.045,1.1] 0.913 0.65→ 0.9
〈RK∗〉|q2∈[1.1,6.0] 0.9926 0.5→ 0.73
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)
FIG. 7: The plot in the left panel represent the P ′5(q2) observable for B¯ → K¯∗e+e− precess in the
vector LQ model. The corresponding plot for B¯ → K¯∗µ+µ− process is shown in the right panel.
Table V. We found that our predicted results in the vector LQ model are consistent with
the corresponding measured experimental data. Thus, vector LQs could be considered as
potential candidates to explain an possibly lepton flavour universality violation, should it
be observed.
Fig. 7 shows the plots for the FFI observables, P ′l5 with respect to q
2 in the large recoil
limit. In this figure, the plot for P ′l5 for the electron mode is presented in the left panel
and the right panel contains the corresponding plot for B¯ → K¯∗µ+µ− process. One can
notice that, the LQ model encompasses the SM, but also exhibits potentially larger values
of P ′l5 observables. In Table VI, we have presented the corresponding numerical results. In
addition to the P ′l5 observable, we have also studied all the FFI observables, P
(′)l
i , where
i = 1, 2, 3, 4, 6, 8 and the predicted numerical values are listed in Table VI.
The measurement of RK∗ motivated us to look for other LFUV parameters in this process.
Belle has recently measured the new LFUV Q4 and Q5 parameters [14] in the low q
2 region,
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FIG. 8: The plots in the left panel represent the Q1(q
2) (top), Q4(q
2) (middle) and Q6(q
2) (bottom)
observables in the vector LQ model. The Q2(q
2) (top), Q5(q
2) (middle) and Q8(q
2) (bottom) plots
are shown in the right panel.
(1 ≤ q2 ≤ 6) GeV2 with values
Q4 = 0.498± 0.527± 0.166, Q5 = 0.656± 0.485± 0.103. (29)
The q2 variation of Qi parameters in the vector LQ model are presented Fig. 8. In this figure,
the left panel contains the plots for the Q1(q
2) (top), Q4(q
2) (middle) and Q6(q
2) (bottom)
observables and the Q2(q
2) (top), Q5(q
2) (middle) and Q8(q
2) (bottom) plots are given in
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FIG. 10: The q2 variation of B5 (left panel) and B6s (right panel) observables in the LQ model.
the right panel. We observe that the additional contributions due to LQ has provided large
shift in some of these observables from their SM values. In Fig. 9, we show the plots for
QFL (left panel) and QFT (right panel) observables. We also show the plots for the B5 (left
panel) and B6s (right panel) parameters in Fig. 10. The numerical values of all these LFUV
parameters are given in Table VII.
V. KL → µ∓e± PROCESS
The V 1µ (3, 1, 2/3) vector LQ has also contribution to the lepton flavour violating KL →
µ∓e± decay process. The effective Hamiltonian for KL → µ−e+ LFV decays in the (3, 1, 2/3)
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TABLE VI: The predicted values of the P l
(′)
i observables in the low q
2 (q2 ∈ [1, 6] GeV2) region
for the B¯ → K¯∗l+l− processes in the SM and the LQ model.
Observables SM prediction Values in LQ model
〈P e1 〉 −0.045± 0.0027 −0.0448→ 0.15
〈P e2 〉 0.188± 0.011 0.19→ 0.415
〈P e3 〉 (−5.43± 0.326)× 10−4 −0.0143→ −5.43× 10−4
〈P e′4 〉 0.43± 0.0258 0.43→ 0.791
〈P e′5 〉 −0.226± 0.0136 −0.226→ 0.682
〈P e′6 〉 −0.0734± 0.0044 −0.0734→ −0.042
〈P e′8 〉 0.02678± 0.0016 −0.014→ 0.027
〈Pµ1 〉 −0.045± 0.0027 −0.0449→ 0.133
〈Pµ2 〉 0.185± 0.011 0.185→ 0.34
〈Pµ3 〉 (−5.41± 0.324)× 10−4 −0.013→ −5.41× 10−4
〈Pµ′4 〉 0.437± 0.026 0.44→ 0.536
〈Pµ′5 〉 −0.2318± 0.014 −0.231→ 0.166
〈Pµ′6 〉 −0.0738± 0.0044 −0.0676→ −0.074
〈Pµ′8 〉 0.02676± 0.001 1.164× 10−3 → 0.027
leptoquark model is given by
HLQ = CLL
(
d¯γµ (1− γ5) s
)
(µ¯γµ (1− γ5) e) + CRR
(
d¯γµ (1 + γ5) s
)
(µ¯γµ (1 + γ5) e)
+ CLR
(
d¯ (1 + γ5) s
)
(µ¯ (1− γ5) e) + CRL
(
d¯ (1− γ5) s
)
(µ¯ (1 + γ5) e) , (30)
where the CLL, CRR, CLR and CRL coefficients are given as
CLL =
(gL)de(gL)
∗
sµ
4M2LQ
, CRR =
(gR)de(gR)
∗
sµ
4M2LQ
,
CLR =
(gL)de(gR)
∗
sµ
2M2LQ
, CRL =
(gR)de(gL)
∗
sµ
2M2LQ
, (31)
and for KL → µ+e− process
HLQ = DLL
(
d¯γµ (1− γ5) s
)
(e¯γµ (1− γ5)µ) +DRR
(
d¯γµ (1 + γ5) s
)
(e¯γµ (1 + γ5)µ)
+ DLR
(
d¯ (1 + γ5) s
)
(e¯ (1− γ5)µ) +DRL
(
d¯ (1− γ5) s
)
(e¯ (1 + γ5)µ) , (32)
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TABLE VII: The predicted values of the LFUV observables, (QFL,T , Qi and B5,6s) for the B →
K∗l+l− processes in the SM and the LQ model.
Observables SM prediction Values in LQ model
〈Q1〉 0 −0.017→ −0.0001
〈Q2〉 −0.003 −0.075→ −0.005
〈Q3〉 2× 10−6 2× 10−6 → 1.3× 103
〈Q4〉 0.007 −0.255→ 0.01
〈Q5〉 −0.0058 −0.516→ −0.005
〈Q6〉 −4× 10−4 −0.032→ 5.8× 10−3
〈Q8〉 −2× 10−5 0→ 0.0152
〈QFL〉 0.07 −0.04→ 0.07
〈QFT 〉 −0.007 −0.007→ 0.05
〈B5〉 1.25× 10−3 −0.85→ −1.27× 10−3
〈B6s〉 −0.027 −0.56→ −0.027
where the DLL, DRR, DLR and DRL coefficients are given as
DLL =
(gL)dµ(gL)
∗
se
4M2LQ
, DRR =
(gR)dµ(gR)
∗
se
4M2LQ
,
DLR =
(gL)dµ(gR)
∗
se
2M2LQ
, DRL =
(gR)dµ(gL)
∗
se
2M2LQ
. (33)
The LFV decay processes do not receive any contribution from the SM. In the literature
[28, 49], the LFV decay of kaon has been investigated in the leptoquark and other new
physics models. The branching ratio of KL → µ−e+ process in the leptoquark model is
given by
BR(KL → µ−e+) = τKL
f 2K
8piM3K
√(
M2K −m2µ −m2e
)2 − 4m2µm2e ×[∣∣∣(CLL + CRR)(me −mµ)− (CLR + CRL) M2K
ms +md
∣∣∣2 (M2K − (mµ +me)2)
+
∣∣∣(CLL − CRR)(me +mµ) + (CLR − CRL) M2K
ms +md
∣∣∣2 (M2K − (mµ −me)2)
]
.
(34)
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Similarly, the branching ratio of KL → µ+e− process can be obtained from Eqn. (34)
by replacing the new coefficients Cij → Dij, where (i, j = L,R). The branching ratio
of KL → µ∓e± process is simply the sum of the branching ratios of KL → µ−e+ and
KL → µ+e− processes. For the required LQ couplings, we use the couplings obtained from
KL → e+e−(µ+µ−) process which are given in Table II and III as basis values and assumed
that the LQ couplings between different generation of quark and lepton follow the simple
scaling law, i.e., (gL(R))ij = (mi/mj)
1/2(gL(R))ii with j > i. We have taken this ansatz from
the Ref. [50], which successfully explains the decay width of radiative LFV µ → eγ decay.
Now using this ansatz and the particle masses and life time of KL meson from [39], the
predicted branching ratios of KL → µ∓e± process is given by
BR(KL → µ∓e±) = (1.78− 3.564)× 10−12. (35)
The corresponding experimental upper limit on branching ratio of KL → µ∓e± process is
given as [39]
BR(KL → µ∓e±) < 4.7× 10−12. (36)
Our predicted branching ratios are within the experimental limit.
VI. CONCLUSION
We have investigated the intriguing anomalies related with the rare semileptonic B¯ →
K¯∗l+l− decay processes in the context of a (3, 1, 2/3) vector leptoquark model. We constrain
the leptoquark couplings by using the experimental branching ratios of Bs → l+l−, KL →
l+l− and Bs → µ∓e± processes. We then calculated the branching ratios, forward-backward
asymmetries and the lepton polarization asymmetries of these processes. We found that
there is appreciable difference between the SM and LQ model predictions. We have also
calculated the form factor independent observables P
(′)
i , where i = 1, .., 6, 8 in this model.
We observed that vector leptoquark can also explain the P ′5 anomalies very well.
We then looked into the lepton nonuniversality parameter RK∗ of the B¯ → K¯∗l+l− process
in both the q2 ∈ [0.045, 1.1] GeV2 and q2 ∈ [1.1, 6.0] GeV2 regions and found that the RK∗
anomaly could be explained in the vector leptoquark model. We have also investigated a few
other lepton nonuniversality observables in order to verify violation of lepton universality in
21
the B sector. Thus, along with the RK∗ observable, we also studied some LNU observables,
such as QFL , QFT , Qi and B5,6s in the vector leptoquark model. We observed that in the
presence of a vector leptoquark, all the observables have some differences from their SM
results but in many cases the SM results are within the uncertainties of the LQ model. We
have also computed the branching ratio of the lepton flavour violating KL → µ∓e± process
in the (3, 1, 2/3) vector leptoquark, which is found to be within the experimental limit. The
observation of these observables in the LHCb experiment may provide indirect hints for the
possible existence of leptoquark.
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